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Enteric bacteria have developed various survival systems that protect against acid stress. In this
study, an aspartate-dependent acid survival system is characterized in Yersinia pseudotuberculosis.
The expression of aspartase (AspA) was conﬁrmed to be increased at acidic pH by proteomic and lacZ
fusion analyses. Addition of aspartate increased acid survival of the wild type but not the aspA
knockout mutant. AspA increases acid survival by producing ammonia as demonstrated by muta-
tion and in vitro enzyme activity analyses. This is the ﬁrst demonstration that an enzyme involved
in aspartate metabolism plays a role in acid survival in an enteric bacterium.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Gastric acidity is a barrier through which all microbial food-
borne pathogens must pass. Consequently, many food-borne
pathogens have developed survival systems that protect against
acidic conditions in stomach for successful colonization and infec-
tion [1–3]. Several acid survival systems, e.g. acid tolerance re-
sponse (ATR), acid resistance (AR) and acid habituation (AH),
have been reported in enteric bacteria to cope with this form of
environmental stress [1,2,4]. Acid survival systems in several bac-
teria (e.g. Escherichia coli, Salmonella Typhimurium, Shigella ﬂexneri)
have been extensively studied [3,5]. Genes expressing metabolic
enzymes, periplasmic proteins and regulators have been screened
by microarray and proteomic 2D-gel analyses [6–8]. Nevertheless,
despite recent progress in unraveling the details of acid survival,
the mechanisms under acid survival remain largely unclear.
Two general forms of AR systems (amino acid-dependent and -
independent) are involved in the regulation of the homeostasis of
cytoplasmic pH in E. coli [9,10]. The amino acid-independent sys-
tem (AR1) is glucose-repressed [3]. In AR1, the stationary phase
alternative sigma factor rS (RpoS) and the global regulatory pro-
tein CRP (cAMP receptor protein) have been demonstrated to be in-
volved in this system [11]. This is most likely a general stresschemical Societies. Published by Eresponse that is present in many bacterial species. The amino
acid-dependent AR systems (AR2, AR3, and AR4) seem to have sim-
ilar mechanisms which require speciﬁc amino acid decarboxylases
(GadA/B, AdiA, and CadA) and cognate antiporters (GadC, AdiC, and
CadB) that import amino acid substrates (glutamate, arginine, and
lysine) in exchange for exporting their respective decarboxylation
products of c-aminobutyrate, agmatine, and cadaverine, respec-
tively [10–13]. Despite the fact that arginine and lysine were also
demonstrated to enhance acid tolerance responses in S. Typhimu-
rium [14], the three amino acid-dependent AR systems described
in E. coli have not been demonstrated to extensively exist in other
enteric bacteria.
Yersinia pseudotuberculosis is a Gram-negative gastrointestinal
pathogen. Its transmission is facilitated after ingesting of contam-
inated food [15]. In this study, an acid survival system which is
aspartate-dependent is characterized in Y. pseudotuberculosis. In-
creased expression of the aspA gene at acidic pH was conﬁrmed.
Addition of aspartate signiﬁcantly increased cell survival of the
wild type but not the aspA knockout mutant.
2. Materials and methods
2.1. Bacterial strains and culture conditions
Except where stated, Y. pseudotuberculosis strain YpIII was
grown in YLB (1% tryptone, 0.5% yeast extract, 0.5% NaCl) brothlsevier B.V. All rights reserved.
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shaking at 180 rpm [16]. E. coli S17-1 (k-pir) was grown in LB med-
ium at 37 C.
2.2. 2D-gel analysis
Overnight culture of YpIII grown in YLB medium at 28 C was
shifted to 37 C and incubated for 2 h. For acid challenge, YpIII cul-
ture was diluted into YLB at pH 4.5 and incubated at 37 C for 2 h.
Cells were collected and protein sample preparation, 2D-gel run-
ning and protein identiﬁcation were all performed as described be-
fore [16].
2.3. Mutation and complementation of aspA
For DaspA construction, two DNA fragments up- and down-
stream of aspA gene were ampliﬁed using two pairs of primers:
AUF1 and AUR1, ADF1 and ADR1 (Table 1). These DNA fragments
were digested with enzymes accordingly and inserted into plasmid
pDM4 [17], and transformed into E. coli S17-1 (k-pir). Transconju-
gation was performed as described before [16] to obtain the aspA
mutant (DaspA). To complement the aspA deletion, the aspA gene
was ampliﬁed using primers AF1 and AR1 (Table 1), and then in-
serted into the plasmid pKT100 [16] to obtain pKT-aspA, which
was then introduced intoDaspA to obtain the complemented strain
(DaspA-com).
2.4. Chromosomal aspA–lacZ fusion construction
To construct translational aspA–lacZ fusion in chromosome,
550 bp DNA fragment at 30 end of the aspA gene (missing the stop
codon) and 550 bp DNA fragment down-stream of the aspA gene
were ampliﬁed from YpIII chromosome using two primer pairs:
AUF2 and AUR2, ADF2 and ADR2 (Table 1). The lacZ gene was
ampliﬁed from E. coli K12 with ZF and ZR primers (Table 1), and
then inserted between these two homologous fragments after en-
zyme digestion. The ligated DNA fragment was inserted into the
suicide plasmid pDM4 and then transformed into E. coli S17-1 (k-
pir). Transconjugation was performed to obtain YpIIIaspA–lacZ.
2.5. b-galactosidase analysis
YpIIIaspA–lacZ was cultured overnight at 28 C in YLB broth and
diluted 10-fold into fresh YLB (pH 4.5). After incubation at 37 C
for 0, 1 and 2 h, cells were collected and washed by PBS (pH 7.0).
To test the inﬂuence of temperature on aspA expression, overnight
culture of YpIIIaspA–lacZ was directly transferred to 37 C. After incu-
bation for 0, 1 and 2 h, cells were collected and washed as before.Table 1
Primers used in this study.
Name Sequence (50–30)a Enzyme site
AUF1 GCCGTCGACACGTACCAGTGAGATG SalI
AUR1 GGCCTGCAGCTGTCAGTAATATGAT PstI
ADF1 CGACTGCAGCTCTCAATATGAACAC PstI
ADR1 CTTAGATCTTTAACAGCCAGGCGTT BglII
AF1 CGCGCATGCATGTCAAATAACATTC SphI
AR1 GCCGTCGACTTATTGTTCATTTTCA SalI
AUF2 TGTCGACTAACGACCTACGTTTGCT SalI
AUR2 CGCTCTAGATTGTTCATTTTCATCG XbaI
ADF2 GGGCCATGGTGTAAATATTCGGTAG NcoI
ADR2 GGGAGATCTGATGCGGTAATGGCTA BglII
ZF GGGTCTAGAATGACCATGATTACGGAT XbaI
ZR CCTCCATGGTTATTTTTGACACCAGA NcoI
AF2 CGGGGATCCATGTCAAATAACATTC BamHI
AR2 GGCAAGCTTTTGTTCATTTTCATCG HindIII
a Restriction sites are underlined.b-Galactosidase activity was determined and calculated as previ-
ously described [16]. Data were analyzed by student t-test.
2.6. AspA puriﬁcation and enzyme activity assay
The coding region of the aspA gene was ampliﬁed from YpIII
chromosome with AF2 and AR2 primers (Table 1), digested with
BamHI and HindIII and inserted into similarly digested pET28a
(Novagen) to obtain pET28a-aspA. Following transformation of
pET28a-aspA into E. coli BL21(DE3), AspA expression was induced
by adding 1 mM IPTG into the cultures. The 6 His-AspA recombi-
nant protein was puriﬁed with the Ni-NTA resin (Novagen) follow-
ing the protocol described by the manufacturer. AspA enzyme
activity assay was carried out as described elsewhere [18].
2.7. Phenol red test
108 bacteria of different bacterial strains were resuspended in
3 ml of phenol red test buffer containing 0.5% (w/v) NaCl, 0.4%
(w/v) KH2PO4, 50 mM L-aspartate, and 0.002% (w/v) phenol red
(pH 6.0). Pictures were taken after 12 h.
2.8. Acid survival assay
Overnight suspension cultures of different bacteria were diluted
to 106 CFU mL1 in minimal E glucose medium (EG) [3] or EG plus
2.5 mM aspartate (EGA) at pH 4.5 and incubated at 37 C for 2 h.
The cultures were collected, serially diluted and percent survival
was calculated as described [16]. All assays were repeated at least
three times and the data were analyzed using the student’s t-test.3. Results
3.1. Global analysis of proteins related to acid survival in YpIII
We ﬁrst performed two-dimensional (2D) gel electrophoresis to
scan proteins which are induced or repressed at pH 4.5. In our trip-
licate experiments, 13 proteins were up-regulated and 8 were
down-regulated by acid. These proteins were identiﬁed by MAL-
DI-TOF-MS and were categorized into four groups related to stress
responses, carbohydrate metabolism, amino acid metabolism and
others (data not shown). Aspartase (AspA, also known as aspartate
ammonia-lyase), an enzyme catalyzing the deamination of aspar-
tate to form fumarate and ammonia [19], was increased more than
twofold at pH 4.5 (Fig. 1A), indicating the potential role of this en-
zyme in acid survival in YpIII.
3.2. Increased aspA expression at acidic pH by lacZ fusion analysis
To further conﬁrm increased expression of aspA at acidic pH,
translational aspA–lacZ fusion plasmid was constructed. b-galacto-
sidase assay results showed that the expression of aspA was in-
creased when transferred to 37 C both at pH 7.0 and pH 4.5
(Fig. 1B), suggesting aspA expression is temperature induced. In
accordance with our 2D-gel results, higher b-galactosidase activi-
ties were detected at pH 4.5 than at pH 7.0 after been challenged
for 1 and 2 h (Fig. 1B), which suggests aspA expression is also acid
induced.
3.3. Role of AspA in aspartate-dependent acid survival
To further characterize the role of AspA in acid survival, we
compared percent survival at pH 4.5 with or without the addition
of aspartate. The percent survival in medium with aspartate was
ﬁvefold higher than that without aspartate (Fig. 2), which suggests
Fig. 1. Comparison of the expression of aspA at neutral and acidic pH by proteomic
(A) and lacZ fusion (B) analyses. *P < 0.01.
Fig. 3. AspA enzyme activity assay. (A) Test of pH changes by phenol red assay. (B)
Production of fumarate by AspA at different pH values. *P < 0.01.
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pared strains of wild type (YpIII), aspAmutant (DaspA) and its com-
plementary (DaspA-com) as well as the empty vector control
(pKT100/DaspA) on survival at pH 4.5. As expected, the percent
survival was increased in the presence of aspartate in YpIII and
DaspA-com strains but not in DaspA and the empty vector control
strains (Fig. 2).
Phenol red is a pH indicator which turns from red to yellow as
the pH goes from alkaline to acidic. We used this method to test
the pH changes in the presence of aspartate in different strains.
As shown in Fig. 3A, in the presence of aspartate, the buffer color
was changed from yellow to orange in YpIII and its DaspA-com
strains, indicating AspA deaminates aspartate to produce ammonia
and thus increased the pH. No pH change was detected when thisFig. 2. Acid survival of YpIII wild type, aspAmutant and its complemented strains at
pH 4.5 with or without aspartate.solution was challenged by strains of DaspA and DaspA carrying
the empty vector.
The AspA protein was expressed in E. coli and the puriﬁed pro-
tein was used to test its enzymatic activity in vitro. As shown in
Fig. 3B, fumarate was produced at different pHs, which indicates
that AspA also functions as ammonia-lyase and its enzyme activity
is dependent on pH values. Together, our results demonstrate that
AspA plays key role in aspartate-dependent acid survival in YpIII.
4. Discussion
Enteric bacteria survive exposure to acidic environment by
inducing genes related to acid survival [5]. Although the involve-
ment of amino acid in acid response has been illustrated years be-
fore, only glutamic acid-, arginine-, or lysine-dependent acid
resistance systems have been described in E. coli [10]. Here we re-
port a new acid survival system which is aspartate-dependent.
AspA catalyzes the deamination of aspartate to form fumarate
and ammonia [19]. Fumarate will go into the tricarboxylic acid
(TCA) cycle and the ammonia produced can lead to an elevation
of intracellular pH. Deamination of aspartate to form fumarate
and ammonia plays crucial role in this system. The mechanism of
this acid survival system is different from other three amino
acid-dependent systems which all require speciﬁc amino acid
decarboxylases and their corresponding cognate antiporters [11].
Different survival system provides different levels of acid pro-
tection. AR1 and AR4 provide a minimal level of protection, while
AR3 provides moderate protection and AR2 is the most effective
one in E. coli [20,21]. The aspartate-dependent acid survival system
we characterized here provides minimal protection compared to
the AR systems characterized in E. coli and only functions in mild
acidic stress (pH 4.5). Our in vitro AspA activity analysis showed
that the highest enzyme activity was observed at pH 8.0
(Fig. 3B). This result is in accordance with the report that pH 8.0
is the optimum pH for aspartase activity [18]. In contrast, it was re-
ported in E. coli that the optimal pHs for glutamate and arginine
decarboxylase activities were 4–5 [12,22].
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have the aspA gene homology sequences (data not shown), which
suggests that this aspartate-dependent acid survival system may
also exist in other enteric bacteria. Some enteric bacteria (e.g.
E. coli and S. Typhimurium) could resistant to extreme acidic pH
and can grow at mild acidic pH [3], we have tested the inﬂuences
of aspartate on acid survival or acid growth of some enteric bacte-
ria including E. coli O157:H7, Y. enterocolitica, Salmonella enterica
serovar Typhi, S. enterica serovar Typhimurium, S. enterica serovar
Enteritidis and Shigella dysenteriae at pH 4.5. As expected, in the
presence of aspartate, higher percent survivals were found in Y.
enterocolitica and S. Typhi and higher acid growth rates were also
found in S. Typhimurium and S. Enteritidis as well as three E. coli
O157:H7 strains, but S. dysenteriae and one E. coli O157:H7 strain
showed no increase in acid growth with aspartate (data not
shown).
It is also worth noting that AspA may have some other potential
function in bacteria in addition to in acid survival. aspA expression
was signiﬁcantly induced when cells were transited from the expo-
nential growth phase to stationary phase in S. ﬂexneri 2a, which
also suggests that AspA may play important roles in bacterial cel-
lular maintenance and stress responses [23]. In this study, we
found that aspA expression is temperature induced because its
expression was increased when cells were transferred from 28 to
37 C (Fig. 1B). This change also happens when bacteria are in-
gested from outside environment to host with contaminated food
or water. It suggests that AspA may also play a potential role in
the process of bacterial infection at some extent.
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